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Abstract
Effect of magnetic field on chiral symmetry breaking in a 3-flavor Nambu Jona Lasinio (NJL)
model at finite temperature and densities is considered here using an explicit structure of ground
state in terms of quark and antiquark condensates. While at zero chemical potential and finite
temperature, magnetic field enhances the condensates, at zero temperature, the critical chemical
potential decreases with increasing magnetic field.
1. Introduction
The effect of high density and/or high temperature on the QCD vacuum has been
a major theoretical and experimental challenge in the physics of strong interaction. In
addition to the effects of high temperature and density, the effect of high magnetic field
has also attracted recent attention of physicists recently. The motivation behind this
study is the possibilty of creating ultra strong magnetic fields in non central collisions
at RHIC and LHC which are estimated to be of hadronic scale [1,2] of the order of
eB ∼ 2m2pi (m
2
pi ≃ 10
18 Gauss) at RHIC, to about eB ∼ 15m2pi at LHC [2].
The studies of the effect of magnetic field on the vacuum structure of QCD has indi-
cated that magnetic field acts as a catalyser of chiral symmetry breaking (CSB) [3,4]. On
the other hand, it has been argued recently that there is an inverse magnetic catalysis
at finite baryon chemical potential [5].
In this work, we investigate the effect of finite density and temperature on the vacuum
structure in the context of CSB in a magnetic background using a variational method
for 3-flavor NJL model.
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2. Model interaction and gap equation
We shall consider hot and dense quark matter in a constant magnetic field B in the
z− direction wich can be obtained from a electromagnetic vector potential given by
Aµ(x) = (0, 0, Bx, 0). Solving the Dirac equation we get the energy of the n-th Lanadu
level given as ǫin =
√
m2i + p
2
z + 2n|qi|B ≡
√
m2i + |p
2
i |. qi is the electromagnetic charge
of the quark of the i-th flavor with current quark mass mi.
To study CSB, we consider a trial state with quark-antiquark pairs as
|Ω〉 = exp
(
∞∑
n=0
∫
dpy,zq
i
r
†
(n,py,z)a
i
r,s(n, pz)f
i(n,py,z)q˜
i
s(n,−py,z)− h.c.
)
|0〉. (1)
In the above ansatz for the ground state, f i(n, pz) is a real function describing the quark
antiquark condensates related to the vacuum realignment for chiral symmetry breaking.
This will be determined from the extremization of the thermodynamic potential. The
spin dependent structure air,s is given by
air,s =
1
|pi|
[
−
√
2n|qi|Bδr,s − ipzδr,−s
]
(2)
The ansatz of Eq.(1) is a Bogoliubov transformation of the vacuum state |0〉. Further
the effect of temperature and density can be included through a thermal Bogoliubov
transformation using thermofield dynamics. All these formulations are discussed in detail
in reference [6].
The expectation value of the chiral order parameter for the i-th flavor for this ground
state is given by
〈ψ¯iψi〉β,µ = −
∞∑
n=0
Nc|qi|Bαn
(2π)2
∫
dpz cosφ
i
(
1− ni−(k, β)− n
i
+(k, β)
)
≡ −Ii, (3)
where, αn = (2 − δn,0) is the degeneracy factor of the n-th Landau level and n− and
n+ are distribution functions of quarks and anti quarks respectively. We have defined
φi = φi0 − 2fi with cosφ
i
0 = mi/ǫni and sinφ
i
0 = |pi|/ǫni [6].
Now for calculating the thermodynamic potential, we consider the 3-flavor Nambu Jona
Lasinio model including the Kobayashi-Maskawa-t-Hooft (KMT) determinant interaction
term. The corresponding Hamiltonian density is given as
H= ψ†(−iα ·∇− qBxα2 + γ
0mˆ)ψ −Gs
8∑
A=0
[
(ψ¯λAψ)2 − (ψ¯γ5λAψ)2
]
+K
[
detf [ψ¯(1 + γ5)ψ] + detf [ψ¯(1− γ5)ψ]
]
(4)
Where mˆ=diagf(mu,md,ms) is the current quark mass matrix in the flavor space. We
assume isospin symmetry with mu=md. λ
A, A = 1, · · · 8 denote the Gellman matrices
acting in the flavor space and λ0 =
√
2
3 1f , 1f as the unit matrix in the flavor space. The
determinant term ∼ K breaks U(1)A symmetry. If the mass term is neglected, the overall
symmetry is SU(3)V ×SU(3)A×U(1)V . This spontaneously breaks to SU(3)V ×U(1)V
implying the conservation of the baryon number and the flavor number. The current
quark mass term introduces additional explicit breaking of chiral symmetry leading to
partial conservation of the axial current.
2
Now minimization of the thermodynamic potential for our model w.r.t the chiral con-
densate function fi(pz) leads to the mass gap equation.
Mi = mi + 4GIi + 2K|ǫijk|IjIk (5)
and the thermodynamic potential is given as
Ω =−
∑
n,i
Ncαn|qiB|
(2π)2
∫
dpzωi + 2G
∑
i
I2i + 4KI1I2I3
−
∑
n,i
Ncαn|qiB|
(2π)2β
∫
dpz[ln {1 + e
−β(ωi−µi)}+ ln {1 + e−β(ωi+µi)}] (6)
where, ωi,n =
√
M2i + p
2
z + 2n|qi|B) is the excitation energy with the “constituent quark
mass”Mi. The zero temperature and the zero density contribution of the thermodynamic
potential (Ω(T = 0, µ = 0)) in the above is ultraviolet divergent, which is also transmitted
to the gap equation Eq.(5). To remove this divergence, we use a regularization procedure
involving addition and subtraction of a divergent term which is discussed in detail in
ref.[6].
3. Results and discussions
For numerical calculation, we choose the following parametrization of the hamiltonian
given in Eq.(4). We take mu = md = 5.5 MeV and ms = 0.1407 GeV. The three
momentum cut off for NJL model is Λ = 0.6023 GeV. The dimensionless couplings are
GsΛ
2 = 1.835 and KΛ5 = 12.36. With these parameters, the vacuum masses of up and
down quarks turn out to be 368 MeV and mass of the strange quark is 549 MeV. In Fig.
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Fig. 1. Constituent quark masses with temperature for different magnetic fields. Figure in the left panel
shows the mass of up quark Mu at zero baryon chemical potential as a function of temperature for
different values of the magnetic field. Figure in the right panel shows the same for the strange quark
massMs. Both the subplots correspond to nonzero values for the current quark masses given as mu=5.5
MeV and ms=140.7 MeV.
3
1, we have shown the effect of temperature on the constituent quark mass for different
magnetic field strength at zero baryon chemical potential. The constituent quark mass
smoothly approaches the current quark mass as temperature is increased. The magnetic
field clearly enhances the chiral condensate. In Fig. 2, we show the effect of magnetic field
and chemical potential on chiral symmetry breaking. As chemical potential is increased
there is a first order transition with the order parameter changing discontinuously at the
critical chemical potential µc. Although the condensate value increase with the magnetic
field before the transition, the value of µc decreases with magnetic field. This phenomena
is termed as inverse magnetic catalysis in Ref.[5] where chiral symmetry breaking has
been considered in a holographic model. A more detailed discussion on the effect of
magnetic field, temperature and density on chiral symmetry breaking, equation of state
as well as charge netral matter has been given in Ref.[6].
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Fig. 2. Constituent quark masses as functions of µq for T = 0. The up quark masses are shown in left
panel and figure in the right panel shows strange quark masses for different strength of magnetic fields.
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